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The Sr concentration dependence of the structural 
transition from the orthorhombic into the tetragonal low- 
temperature phase in rare-earth-doped {R — Nd, Eu) 
'L&2-x-ySrxRyCu04 has been studied in detail. Indepen- 
dently of the rare earth concentration the transition temper- 
ature is strongly reduced at a; ~ 0.05. We give a qualitative 
argument that the effect can be attributed to the Coulomb 
repulsion between doped carriers. We find the enthalpy jump 
at the low-temperature transition to scale transition temper- 
ature between the high-temperature tetragonal and the or- 
thorhombic phase. This effect can be understood in terms of 
a Landau expansion. 



I. INTRODUCTION 

The observation of static stripe correlations in 
Lai.475Ndo.4oSro.i2Cu04 renewed the interest in rare- 
earth-doped {R) lanthanide copper oxides.^ The obser- 
vation of static stripes is induced by a low-temperature 
(LT) structural transition from a low-temperature or- 
thorhombic (LTO) to a tetragonal low-temperature phase 
(LTT). A static superlattice structure appears close to 
the structural transition, which can be accounted for by 
the appearance of evenly spaced static stripes.^"'' On 
the other hand, the incommensurability of the magnetic 
2D correlations seen in neutron scattering experiments^'^ 
with La2-a:Sr2:Cu04 can be viewed as a consequence 
of the formation of charged stripes separating antifer- 
romagnetically ordered domains, because the magnetic 
order parameter suffers an antiphase jump across such 
a domain wall.^'^ The Sr dependence of the antifer- 
romagnetic incommensurability is consistent with the 
gathering of the doped carriers in domain walls. ^ In 
La2_a;Sra;Cu04 the domain walls are expected to be very 
mobile objects, rendering the experimental proof of 
their existence extremely difficult. 
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The antiferromagnetic incommensurability is assumed 
to be the same in the LTO and LTT phase. ^ Since in the 
LTT phase the incommensurability can be accounted for 
by the static stripes the obvious conclusion is that in 
the LTO phase the incommensurability may be caused 
by dynamical stripes.^" A better understanding of the 
influence of the LTO-LTT transition on the electronic 
system is thus desirable. 

The LTO-LTT transition is invoked by further rare- 
earth (i?) doping of La2-a;_j,Sr2.i?j,Cu04."'^^ In both 
phases the CuOg octahedra are tilted with respect to 
the crystallographic axes by an angle $ < 5°. In the 
LTO phase the tilt axis is parallel [110]htt and rotates 
discontinuously hy 9 = 45° towards the [100] htt direc- 
tion at the transition into the LTT phase (we use the 
notation of the undistorted tetragonal high-temperature 
phase HTT). Note that the tilt angle <i> is roughly the 
same in the LTO and the LTT phase while the different 
directions of the tilt produce different buckling pattern 
of the Cu02 plane. The transition temperature is of the 
order of Tlt ^ 100 K. 

In this work we investigate both Eu and Nd doped 
La2-2;Sr2;Cu04. It is worthwhile to mention that the LT 
phase is the more stable the smaller the R element, which 
renders the europium samples advantageous. Especially 
for Nd doped La2-xSr:ECu04 for x < 0.10 the LTO-LTT 
transition becomes a sequence of two transformations."'^^ 
First at Tlt a discontinuous transition from the LTO 
into the intermediate Pccn phase takes place followed 
by a continuous development into the LTT phase. The 
Pccn phase is characterized by a rotation of the tilt axis 
which is less than 45°. In the Eu-doped samples the 
LT transition occurs at higher temperatures (Tlt ~ 130 
K) and the appearance of the Pccn phase is strongly 
reduced to Sr contents smaller x ^ 0.07. Yet, at lower 
temperatures (~50 K-60 K) all samples are in the LTT 
phase making a direct comparison possible. The generic 
phase diagram is shown in Fig. 1. 

The structural data have been collected on polycrys- 
talline material of Nd and Eu doped La2-a;Sra;Cu04. 
The samples used in this study have been prepared by 
a standard solid state reaction described by Breuer et 
al}^ Those with small Sr content where annealed in N2 
atmosphere at temperatures between 550° and 625° for 
several days to remove excess oxygen. 
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FIG. 1. Generic phase diagram obtained from the doping 
dependent transition temperatures for different R concentra- 
tions. Open symbols mark HTT-LTO transition tempera- 
tures Tht, the broken Une marks the HTT-LTO transition 
for the Euo.17 (o) and the Ndo.3 (O) samples determined in 
earlier work. (The stichometry has been chosen such that 
both the Euo.17 and Ndo.3 samples have the same Tut.) The 
filled symbols show the LTO-LTT transitions Tlt- The figure 
shows the Sr dependence of the transitions, the inset the Nd 
dependence. Thin lines are guides to the eye. 
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II. CHARACTERISTIC MINIMUM OF THE 
DOPING DEPENDENT LTO-LTT TRANSITION 

In Fig. 2 we present the Sr concentration dependence 
of Tlt obtained from four series of samples with different 
Nd and Eu concentrations. The data clearly shows that 
Tlt is a nonmonotonous function of the hole content x. 
Tlt varies between 70 K (a; = 0) and 153 K {x = 0.002) 
for the samples with extremely small Sr content, then 
strongly decreases by about 20 K to 30 K showing a lo- 
cal minimum around x ~ 0.05, and increases for higher 
Sr concentrations. The transition temperatures reach a 
plateau at intermediate doping x > 1/8 and fall off again 
when approaching the HTT-LTO transition lino shown 
in Fig. 1. Note that this decrease is not for all samples 
within the plot range of Fig. 2. 

The minimum in the undcrdopcd region centered 
around x ~ 0.05 is characteristic for all R doping. It 
is straightforward to attribute this universal behavior to 
the same origin. The Sr doping strongly effects the elec- 
tron configuration of the CUO4 planes. Also, an explana- 
tion of the nonmonotonous behavior by sterical reasons 
fails because no comparable Sr dependence is observed 
for other relevant lattice parameters. Therefore, a 
correlation with electronic properties is very likely.^ 

We limit ourselves to present a qualitative argument 
showing that the Coulomb repulsion between doped car- 
riers is a possible origin of the characteristic minimum 



FIG. 2. LTO-LTT transition temperature Tlt in 
La2-x-ySrxRyCuOA versus Sr content for four series of sam- 
ples as symbolized by: Euo.20-' ° x-ray, A x; Euo.17; • x-ray, 
□ Cp; Euo.07.- A x; Ndo.ao.' ® x-ray. (Eu LTO-LTT and 
LTO-Pccn); (Nd LTO-Pccn) 

of Tlt- In the LTT phase we may assume the holes to 
form static stripes. From the position of the incommen- 
surate magnetic and charge peaks of the neutron scat- 
tering data of the Lai.48Ndo.4Sro.i2Cu04 compound one 
can conclude that the stripes carry one hole per two cop- 
per sites. ^ Prom the incommensurability measured for 
other Sr concentrations^ we can assume that the half 
filled case (1/2 hole per copper) is generic for pinned 
charged stripes. The resulting static hole configuration 
is shown in Fig. 3 a). 

In the LTO phase the hole configuration is still contro- 
versial. The picture of a uniform charge distribution can 
be modeled by a static square lattice formed by the holes 
as shown in Fig. 3 c). Fluctuating stripes are represented 
by a zig-zag configuration of the holes as shown in Fig. 3 
b) accounting for the larger mean distance between holes 
due to fluctuations. Configuration b) may also be real- 
ized in the LTT phase by allowing fluctuations around 
the static position of the stripe. 

We now compare the corresponding Madelung energies 
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FIG. 3. Hole conBgurations considered, a) HalfSUed static 

stripes in the LTT phase, b) Zig-zag modulation of dynamic 
stripes with larger mean distances between holes in the LTO 
phase, c) Homogeneous LTO configuration. The distances 
dh = \/x~^ and ds = (2a;) for the Sr concentration x are 
given in units of the lattice spacing a. 



in the LTO and LTT phase. 
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Here tlto has to be summed over the sites occupied by 
the holes in the homogeneous phase or on the zig-zag 
stripes and tltt over those in the static stripes. The 
factor X is the hole concentration and AEc is thus the 
energy difference per Cu site. We have introduced the 
inverse Thomas Fermi screening length A ~ 1/ (2a) of the 
order of the lattice spacing a. The sums are calculated 
using the mean distances of the holes dh = \fx in the 
homogeneous case and the mean distance between the 
stripes ds = (2a:) ~^ in units of the lattice spacing a (see 
Fig. 3). The distance within the static stripes is two 
lattice spacings. 

The resulting energy differences are shown in Fig. 4. 
They vanish for small doping concentrations as well as 
at quarter filling. Then the stripes are so close that the 
configurations are close to equivalent. For intermediate 
doping the energy loss due to the charge condensation 
in the stripes gives minima at 0.05 < a; < 0.1 in agree- 
ment with the experimental situation. The suppression 
of the LTO-LTT transition can thus be explained by the 
Coulomb repulsion of the holes. This is consistent with 
the formation of the intermediate Pccn phase in this dop- 
ing regime. 

The comparison of the position of the minima with 
the experimental data shows the best agreement with 
the picture of the formation of fluctuating stripes out of 
a imiform phase (solid line in Fig. 4). Notice though 
that for a lattice spacing of a « 3.8 A the energy scale 
is given by 10~^e^/o « 4 x 10~^ eV. This is much too 
large in comparison with the enthalpy liberated across 
the transition, which is of the order of 10~^ eV per Cu 
site (see Fig. 5). The actual physical situation must thus 
be more involved. 
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FIG. 4. Doping dependent differences of the Madelung en- 
ergy per Cu site between the striped LTT phase and the 
two LTO configurations shown in Fig. 3. They are calcu- 
lated according to Eq. (1). The energy is given in units of 
W~^e^/a « 4 • 10~^ eV. a is the lattice spacing. The po- 
sitions of the minima are in qualitative agreement with the 
experimental LTO-LTT transition lines (Fig. 2). 



III. ENTHALPY SCALING 

For the samples shown in the phase diagram Fig. 1 
specific heat measurements have been made. The area 
of the anomaly at the transition determines the entropy 
AS liberated at the transition. In Fig. 5 we have plot- 
ted the resulting enthalpy AH = TuyAS (filled symbols) 
as a function of the transition temperature Tut of the 
HTT-LTO transition as shown in Fig. 1. The points all 
fall roughly of the same line, even though we analyzed dif- 
ferent dopants varying both the Sr content x and the Nd 
or Eu concentration y. This implies a general relation 
between the HT and the LT transition and a common 
driving mechanism for the structural transitions. 

Note that within the accuracy of the experiment 
the electron concentration in the Cu02 planes does 
not play a crucial role for the value of AH. The 
Lai.85-yNdj^Sro.i5Cu04 sample with constant hole dop- 
ing (• in Fig. 5) follows the common line. This is 
consistent with the fact that structural phase transi- 
tions involving an octahedron tilt are common amongst 
perovskites.^^ 



A. Landau theory 

To obtain a phenomenological theoretical understand- 
ing we apply the standard Landau expansion of Gibb's 
free enthalpy in two order parameters:^^ 



G = a{Ql + Ql) + 2b{Qt + Q*) + 4cQIqI . 



(2) 
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FIG. 5. Discontinuity of the enthalpy across the LT transi- 
tion as a function of the corresponding Tut- Full symbols are 
experimental values from specific heat measurements. The 
broken line is a guide to the eye. 



The order parameters Qi and Q2 measure the tilt of the 
CuOg octahedra about the [110]htt and [110]htt axis, 
respectively. The tilt axes are symmetric (lattice invari- 
ant under rotation of 90°), thus the coefficients are iden- 
tical for both parameters. Since the tilt angle $ < 5° is 
small, we disregard higher then quartic terms. Applying 
the transformation Qi = Qcos9 and Q2 = QsinO we 
obtain new order parameters Q measuring the size of the 
octahedron tilt angle $ and the angle 9 measuring the 
direction of the tilt with respect to the [IIOJhtt axis. 



G = aQ^ + bQ'^ + cQ^ sin^ (261) 



(3) 



Above Tut vanishes and G reduces to a single order 
parameter expansion. The change of sign of the second 
order coefficient induces the HTT-LTO transition with 
the transition temperature given by aiT^n) — 0. 

The temperature dependence of the order parameter 
in the LTO phase is usually expressed via 



Q{T) = go(THT - TY 



(4) 



In a mean field picture we have a{T) = 00(1^1 — T), 
b{T) = const, and v = 0.5. The LTO-LTT transition is of 
first order induced by a jump of ^ to a finite value of 45°. 
The transition temperature is determined by c(Tlt) = 0, 
i.e., the coefficient changes sign. For small Sr concentra- 
tions X < 0.1 in some samples the jump in 9 is smaller 
and 45° are only reached after further cooling, giving rise 
to an intermediate Pccn phase. Within this approach we 
neglect this effect. This is justified since the enthalpy 
discontinuity show in Fig. 5 was obtained by integrating 
over the whole specific heat anomaly down to the LTT 
regime. 



The potential G is continuous across the transition but 
its derivative with respect to temperature is not, which 
leads to a discontinuity in the entropy. 
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(5) 



For this result we have assumed the derivatives 
{da)/{dT), {db)/idT), and {dQ)/{dT) to be continu- 
ous across the transition, and we used the fact that 
c(r = T{r^) = and 9{T > Tlt) = 0. For the dis- 
continuity of the enthalpy we obtain 



dc 
df 



T=Tr, 



(6) 



B. Determination of Q{T) 

The temperature dependence of the octahedron tilt an- 
gle can be specified experimentally via the orthorhombic 
strain (a — 6) = ~ as shown in Fig. 6. Here a and 
b are the lattice constants along the respective crystal- 
lographic axes determined by x-ray scattering. The full 
lines in Fig. 6 are given by the square of Eq. (4): 



Q2(t) = 0.00095^ (Tht - T) 



(7) 



For all samples we set Qo = 0.031 y A/K"- ''. In agree- 
ment with renormalization group studies^^ an exponent 
of 2v — 0.7 satisfactorily reproduces the experimental 
values above the saturation temperature T* ~ 150 K to 
200 K. Note that obtaining the universal prefactor Qo 
requires not to use reduced temperatures (Tht — ?')/2ht 
in Eq. (7). 

For all samples the LTO-LTT transition temperature 
is well below the saturation temperature Tlt < T*. To 
quantify the saturation behavior would require a system- 
atic study of the saturation values of Q{T 0) which 
has not been done. At T = Tlt the deviation from the 
fit given by Eq. (7) is roughly of the same magnitude for 
all samples and as a simple approximation we introduce 
a constant correction term. 



Q'(Tlt) « 0.00095^ (Tht 



rp \0.7 



0.01 A (8) 



C. Comparison of theory and experiment 

With the values of v and Qq thus given and the 
data for Tlx and Tht presented in Fig. 1 we calcu- 
late the theoretical values for the enthalpy from Eq. (6). 
The open symbols in Fig. 7 are the results calculating 
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FIG. 6. Orthorbombic strain {a ~ b) ^ Q '-^ $ . a and 
b are the lattice constants along the respective crystallo- 
graphic axes determined by x-ray scattering. The full lines 
are fits using Eq. (4) with 2u = 0.7 and Qo = O.OSIa/A/KO-^ 
for all samples. Broken lines are fits in the shape of 
Q'^{T) = g^(0) (1 - const T*) to match the order parame- 
ter saturation below T* ~ 150 K to 200 K. 



Q{Tut) via Eq. (8). The scaling factor has been set to 
(ac)/(9T)|^^j,- = 66 J/(mole K A^). The black full 
symbols and broken lines in Figs. 5 and 7 are identical to 
allow a comparison with the directly measured values for 
AH. The inset in Fig. 7 shows a comparison between val- 
ues obtained obtained by via Eq. (8), open symbols, and 
those obtained without correction for saturation from Eq. 
(7), grey full symbols. The scaling factor for gray symbols 
has been set to (dc)/(dT)\^_^^ = 41 J/(mole K A^). In 

LT 

both cases the theoretical values show global scaling. The 
open symbols satisfactorily fall on the the same line as 
the directly measured data given in Fig. 5. An exception 
is the large value for Lai.7g8Euo.2Sro.oo2Cu04 which may 
be explained by an underestimated saturation of the or- 
der parameter or by a deviation of the prefactor Qo due 
to excess oxygen. We can thus conclude that the essen- 
tial physics of the structural phase transition is captured 
by the Landau approach. 
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FIG. 7. Theoretical discontinuity of the enthalpy across the 
LT transition from Eq. (6) as a function of the corresponding 
Tut. Open symbols in figure and inset are identical and are 
estimated using Eq. (8) for the order parameter, grey full 
symbols in the inset are obtained via Eq. (7). The black full 
symbols and broken lines are identical to those in Fig. 5 to 
allow for comparison. 



the thermal conductivity Ak,^ one can conclude that Ak 
is closely related to the octahedron tilt Ak ~ Q(7lt)- 
The appearance of superconductivity in the LTT phase 
can equally be attributed to a small enough octahedron 
tilt order parameter-'^^ and occurs in the Ndo.s samples 
also for X > 0.17. Thus the octahedron tilt angle and 
phononic and electronic transport properties are closely 
related.'' 

In La2-3;Sra;Cu04 without additional rare-earth dop- 
ing, the Z-point phonon associated with the LTO-LTT 
transition softens only down to the temperature where 
superconductivity appears, underlining the electronic 
transport dependence on the crystal dynamics. A pos- 
sible relation between the magnetic incommensurability 
and high-temperature lattice fluctuations has also been 
pointed out.^^ 



IV. CONCLUSIONS 



D. Thermal conductivity and superconductivity 

The relation between lattice and electronic degrees of 
freedom has already been addressed in the context of 
thermal conductivity.* As can be seen in the case of the 
Ndo.3 samples in Fig. 5 the enthalpy anomaly becomes 
very small for a Sr content of a; > 0.17. For x > 0.17 
the anomaly of the thermal conductivity An across the 
LT transition also vanishes as shown in Ref. 4. Compar- 
ing Eq. (8) with the Sr dependence of the anomaly of 



We have presented experimental data showing a uni- 
versal characteristic minimum of the LTO-LTT transition 
temperature Tlt as a function of the Sr content of the 
sample independent of the Eu or Nd concentration. We 
have shown that the doping dependent maximum of the 
loss of Coulomb energy through the formation of charged 
stripes is a possible origin of the effect. 

Analyzing specific heat measurements we have shown 
that the enthalpy jump at the LTO-LTT transition shows 
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universal scaling as a function of the HTT-LTO transi- 
tion temperature. Within the variation of the results the 
scaling is independent of the electron concentration in 
the Cu02 planes, showing that the structural transitions 
are essentially driven by the lattice dynamics. Results 
from a simple Landau expansion are consistent with the 
scaling behavior. 

In conclusion our analysis of the LT transition does not 
unambiguously show the relevance of electronic degrees 
of freedom for this phase transition. Whereas the Sr- 
content dependence of Tlt suggests the influence of elec- 
tronic properties, our discussion of the enthalpy reveals 
that the energy scale of the phase transition is basically 
determined by sterical lattice properties. 
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